1. Introduction {#sec1}
===============

The discovery of resident cardiac cells (CCs) has caught the attention of clinicians as these cells could be a promising alternative treatment for treating myocardial infarcted patients. Cardiac c-kit cells (CCs) were first found present in adult rat heart [@bib1], and subsequently being successfully isolated in human [@bib2]. These cells exhibit stem cell characteristics and they are clonogenic, self-renewal and able to differentiate into cardiomyocytes, smooth muscle and endothelial cells [@bib1], [@bib3]. The ability of these CCs in regenerating hearts have been observed in both the rat [@bib1], [@bib4] and mice [@bib5], [@bib6] through the formation of new myocytes and vasculatures. In addition, they protect the pre-existing cardiomyocytes from apoptosis and increased the survival by modulating IGF-1/IGF-1R/Akt pathway in swine model [@bib7], [@bib8]. They also play important roles in cardiomyogenesis in embryonic and neonatal heart development [@bib9], the formation of new cardiomyocytes following myocardial infarction and responsible for cardiac cellular homeostasis in the heart [@bib4], [@bib10].

CCs have been the light of hope for autologous stem cell therapy, which exclude the hurdles in immunogenic rejection following transplantation. Nonetheless, stem cell homing, survival and engraftment are important key factors for successful cell-based therapy. Low oxygen supplied and lack of blood flow in infarcted heart limit the survival of transplanted cells following transplantation [@bib11], [@bib12], which lead to failure in stem cell treatment. Researchers have tried to overcome this problem by preconditioning transplanted cells with growth factors and genetic modifications of stem cell prior to transplantation in order to increase survival of cells. For example, by genetically engineered mesenchymal stem cells (MSCs) overexpressing CXCR4 in combination with SDF-1α, it improved the engraftment of MSCs in rodents' hearts [@bib13]. However, most of the transplanted cells loss during the first few hours of transplantation and die within a short period [@bib14]. Therefore, higher number of transplanted cells has been suggested to increase the probability of cell engraftment. Intracoronary infusion of 10 million CCs in pigs or equivalent to 40 million CCs in human are proven to be safe [@bib15]. Even though high cell number could be transplanted to increase engraftment efficiency, these cells often underwent another programmed cell death called anoikis, which is induced by weak cell--matrix interaction [@bib16]. Moreover, long term *in vitro* expansion of CCs in order to obtain sufficient cells for CC transplantation could lead to erosion and replicative senescence. Therefore, a new approach has to be investigated in order to solve these problems.

ECM regulates cell--matrix functions through interaction with ECM proteins and provides mechanical supports to the cells [@bib17], [@bib18]. Natural scaffolds derived from organs is performed by perfusion-decellularisation and then recellularised with suitable stem cell candidate to build a new bioartificial heart [@bib19]. The heart scaffold is decellularised using detergents to omit antigenic properties but preserving the architecture of the heart [@bib19]. However, this technology is not feasible as it is limited by donor availability, scalability and long processing time [@bib20]. Therefore, cell-specific ECM may be useful for cell therapy approaches as a source of biological scaffolds, which offers the advantage in maintaining the structure of their respective tissues and organs.

Cell sheet engineering technology has shown to improve the efficiency and efficacy of cell engraftment through cell--cell interactions [@bib21]. The transplantation of cell sheet composed of rat or human CCs into the infarcted rat hearts were found to improve the CC survival, proliferation, migration and cardiomyocyte differentiation [@bib21]. Lu et al. (2011) demonstrated that cell-derived ECM scaffolds from MSCs, normal human articular chondrocytes and normal human dermal fibroblast-derived ECM support cell adhesion and proliferation differently to their respective cells [@bib22].

The cell-deposited ECM from umbilical cord MSCs enhances antioxidant properties and facilitates *in vitro* cell expansion of the same cell type, which is likely due to *in vivo* microenvironment mimicking from cell-specific ECM [@bib23]. Implantation of heart tissue-derived decellularised matrix has shown improvement in left ventricular infarcted wall thickening and LVEF after MI in rats [@bib24]. Transplantation of CCs in combination with heart-derived ECM also improved CC survival and engraftment, and preserved heart structure in rats [@bib25]. Human fibroblast-derived ECM enhanced MSC proliferation [@bib26]. Human MSC-derived ECM enhanced Schwann cell proliferation and promoted the secretion of neurotrophic factors for peripheral nerve repair [@bib27].

MSCs were isolated from gelatinous Wharton Jelly from pregnant women [@bib28] which exhibit the characteristics provided by the International Society of Cellular Therapy (ISCT), including the ability for plastic adherence, expressing CD105, CD73 and CD90, and able to differentiate to adipocytes, osteoblasts and chondroblasts [@bib29]. As compared to bone marrow MSCs, WJMSCs have higher proliferation rate [@bib30]. Therefore, in this study, we aim to employ MSCs derived from Wharton Jelly for ECM generation. Wharton Jelly is commonly discarded after birth as biological waste, yet they are readily available and ethically acceptable sources for allogeneic primary MSCs. MSCs obtained from Wharton Jelly possesses high proliferation rates and higher stemness due to the early embryological origin. More importantly, the isolated MSCs are multipotent and exhibit stem cell characteristics. The effect of MSC-ECM on CCs were assessed by proliferation, oxidative stress assay and cardiomyocyte differentiation efficiency.

2. Materials and methods {#sec2}
========================

2.1. Isolation and characterisation of cardiac c-kit cells from mice {#sec2.1}
--------------------------------------------------------------------

The protocol for isolating cardiac c-kit cells (CCs) was adapted from Smits et al. (2009), with slight modification [@bib31]. All procedures were performed according to guidelines approved by the Institutional Animal Care and Use Committee (IACUC) of Universiti Sains Malaysia \[USM/Animal Ethics Approval/2014/(91) (547)\]. Briefly, whole heart was extracted from 4 to 6 week old C57/BL6N mice immediately following carbon dioxide asphyxiation. Heart tissue was collected in ice-cold Dulbecco\'s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12), supplemented with 20% foetal bovine serum, and 1× Penicillin and Streptomycin (Gibco®; Thermo Fisher Scientific, Carlsbad, CA, USA). The collected heart was washed in cold-M buffer to remove residual blood by gently pressing with sterile forceps. Upon removal of non-heart tissues, the heart was minced into small pieces of about 1 mm^3^ and digested in 1 mg/ml Collagenase A (Roche Applied Science, Indianapolis, IN, USA) for 2-hr at 37 °C in water bath. Digested heart tissues were passed through a 40 μm cell strainer, grinded using a syringe plunger and washed in cold M-buffer for five times. Then, the cell filtrate was centrifuged at 300 *g* for 5 min at room temperature. Cell pellet was re-suspended in 5 mL of incubation medium and counted using a haemocytometer prior to sorting using EasySep® Mouse CD117 (c-kit) selection cocktail (STEMCELL Technologies, Vancouver, Canada) and EasySep® Mouse haematopoietic Progenitor Cell Isolation Cocktail (STEMCELL Technologies, Vancouver, Canada) according to the manufacturer\'s protocols. Due to CC heterogeneity, positively selected CCs were plated as 0.5 cells/well on 96-well plate to establish clonogenically-expanded CCs. The selected cell colonies with at least 20 cells were cultured on 1.5% (w/v) gelatin-coated (Sigma--Aldrich, St Louis, MO, USA) surface in cardiac cell complete growth medium (CGM) for subsequent clonogenic expansion. CGM was made up of two solutions: Solution 1 and Solution 2. Solution 1 comprised of DMEM/F12 containing 1% (v/v) insulin-transferrin-selenium, 1% (v/v) Penicillin-Streptomycin, 0.1% (v/v) fungizone and 0.1% (v/v) gentamicin. Solution 2 comprised of Neurobasal medium supplemented with 37 mg of [l]{.smallcaps}-glutamine, 2% (v/v) B27 supplement and 1% (v/v) N2 supplement. The complete growth medium was prepared by mixing the solutions in the ratio: 45% solution 1, 45% solution 2 and 10% (v/v) embryonic stem cell-qualified FBS (All the above were purchased from Gibco®, Invitrogen Life Technologies Co., CA, USA). Finally, CGM was supplemented with 20 ng/ml epidermal growth factor, 10 ng/ml basal fibroblast growth factor and 10 ng/ml leukemic inhibitory factor (All the growth factors were purchased from Peprotech, Rocky Hill, NG, USA). The media was then sterilised through a 0.22 μm pore filter into a sterile container and store at 4 °C. CCs were then characterised by immunocytochemistry using the antibodies as listed in [Table 1](#tbl1){ref-type="table"}.Table 1List of antibodies for CC characterisation and differentiation.Table 1AntibodyDilution FactorApplicationManufacturerRabbit Polyclonal Anti-c-kit Antibody (H-300)1:50ICC/FCSanta Cruz Biotechnology, Germany (sc-5535)Rabbit Polyclonal Anti-GATA-4 Antibody (H-112)1:50ICCSanta Cruz Biotechnology, Germany (sc-9053)Rabbit Polyclonal Anti-NKX2.5 Antibody (H-114)1:50ICCSanta Cruz Biotechnology, Germany (sc-14033)Goat Polyclonal Anti-Tryptase Antibody (V-13)1:50ICCSanta Cruz Biotechnology, Germany (sc-32473)Goat Polyclonal Anti-Sox2\
Antibody (Y-17)1:50ICCSanta Cruz Biotechnology, Germany (sc-17320)Mouse Monoclonal Anti-Smooth Mucle Actinin (Clone 5C5)1:400ICCSigma Aldrich, USA (A2172)Rabbit Polyclonal Anti-von Willebrand Factor Antibody1:400ICCDako, USA (A0082)Rabbit Polyclonal anti-Cardiac Troponin I (H-170)1:50ICCSanta Cruz Biotechnology, Germany (sc-15368)Alexa Fluor 488 Donkey Anti-rabbit Antibody1:500ICCMolecular Probes, CAAlexa Fluor 488 Donkey Anti-goat Antibody1:500ICCMolecular Probes, CAAlexa Fluor 568 Donkey Anti-rabbit Antibody1:500ICCMolecular Probes, CAAlexa Fluor 568 Donkey Anti-goat Antibody1:500ICCMolecular Probes, CA[^1]

2.2. Wharton\'s Jelly-derived mesenchymal stem cells {#sec2.2}
----------------------------------------------------

Umbilical cord samples were collected from mother at full-term pregnancy with informed consent in accordance to ethical committee from Faculty of Medicine and Health Sciences, Universiti Putra Malaysia [@bib32]. The Wharton\'s Jelly was collected after removal of blood vessels and minced into paste-like tissues. The tissues were incubated with 0.4% collagenase type II and 0.01% DNAse at 37 °C for 30 min with gentle agitation. Equal volume of MSC growth medium, which was composed of DMEM/LG supplemented with 1% (v/v) Penicillin/Streptomycin and 10% (v/v) FBS was added to stop the enzymatic reaction. The digested tissues were then homogenized using handheld cell homogenizer for 5 min. This was followed by filtration through 40 μm cell strainers. The cells were then centrifuged and seeded onto T25 culture flask in MSC growth medium at 1 × 10^6^ cells/cm^2^.

2.3. Immunofluorescence labelling {#sec2.3}
---------------------------------

Cells were fixed with 4% (w/v) Paraformaldehyde (PFA) (Acros, USA) for 20 min on ice, followed by three times washes with PBS. For nuclear staining, cells were permeabilised with 0.1% (v/v) Triton X-100 (Sigma--Aldrich, St Louis, MO, USA) for 10 min at RT. Upon three washes with 0.1% (v/v) Tween-20 in PBS (PBST), cells were blocked in either 10% (v/v) donkey or goat serum for 30 min at RT. Next, cells were incubated with respective antibodies at 4 °C overnight. Followed by three washes in PBST, cells were stained with secondary antibody conjugated with desired fluorochrome at RT for 1-h. After washing with PBST three times, the nuclei were counterstained with 1 μg/mL DAPI for 14 min at RT. After washed with PBST for three times, the cells were mounted with VECTASHIELD mounting medium. All images were viewed using fluorescence microscope.

2.4. ECM scaffold deposition and decellularisation {#sec2.4}
--------------------------------------------------

The sub-confluent MSC was seeded onto 24-well plate at density 10,000 cells/cm^2^ in DMEM/LG supplemented with 10% foetal bovine serum (FBS), 1× Penicillin/streptomycin for initial 6 days of culture. On day 6, medium was changed to either 50 μg/mL ascorbic acid-supplemented medium or cardiogenic medium. Medium was changed every 2 days up to day 14. To decellularise the deposited ECM, the cultures were washed twice with PBS and treated with PBS containing 0.5% Triton X-100 and 20 mM NH~4~OH for 5 min at 37 °C. Lastly, the decellularised MSC ECM was treated with DNAse for 30 min at 37 °C. The ECM was washed with PBS, and stored at 4 °C for up to 1 month.

2.5. Viability assay {#sec2.5}
--------------------

Proliferation status of CCs were determined by using Presto Blue®. Briefly, CCs were seeded at 1500 cells/cm^2^. Different cell numbers (2500, 5000, 10,000, 20,000 cells) were seeded to generate a relative standard curve to quantitate the exact cell number following 3 days of culture. 10% Presto Blue® in serum free medium was added into the culture and incubate for 1-h at 37 °C. The value of fluorescence intensity was measure at 544 nm/590 nm with the use of microplate reader (BMG).

2.6. Oxidative stress assay {#sec2.6}
---------------------------

The CCs were seeded at 1500 cells/cm^2^ for 5 days. Cell viability on day 5 was assessed using Presto Blue. The cells were then exposed to 100 μM hydrogen peroxide to induce stress on CCs. After 24-h exposure, CC viability was again assessed by Presto Blue. The value of fluorescence intensity was measure at 544 nm/590 nm with the use of microplate reader (BMG). The cell viability before and after exposure to hydrogen peroxide will be measured.

2.7. Chemical-induced CC cardiac differentiation {#sec2.7}
------------------------------------------------

Cardiac cells were seeded at 10,000 cells/cm^2^ in CC complete medium onto surface with or without ECM for 3 days. Thereafter, the medium was changed to cardiogenic medium [@bib8] \[Cardiogenic Medium was composed of α-MEM (Sigma--Aldrich, St Louis, MO, USA) supplemented with 10% (v/v) FBS, 1% (v/v) Penicillin-Streptomycin, 0.1% (v/v) gentamicin, 0.1% (v/v) Fungizone, 1 μM dexamethasone (Sigma--Aldrich, St Louis, MO, USA), 50 μg/ml ascorbic acid (Sigma--Aldrich, St Louis, MO, USA) and 1 mM β-glycerophosphate (Sigma--Aldrich, St Louis, MO, USA)\] with medium change every 2 days. On day 21 after initiation of differentiation, RNA will be collected and assessed for cardiac markers gene expression (αMHC, βMHC, GATA4, NKX2.5, cTnI) and immunofluorescence staining (cTnI, SMA, vWF).

2.8. RNA extraction and cDNA conversion {#sec2.8}
---------------------------------------

Cells were harvested, and RNA was extracted using RNeasy Mini Kit (Qiagen) according to manufacturer\'s protocol. RNA was stored @−80 °C or use directly for cDNA conversion. To quantitate amount of RNA, 1 μL of sample was loaded onto Nanodrop (Thermo Fisher). 1 μg RNA was then reversed transcribed to cDNA by using QuantiTect Reverse Transcriptase kit (Qiagen) according to manufacturer\'s protocol. cDNA was either use directly or stored at −80 °C.

2.9. Quantitative real time PCR {#sec2.9}
-------------------------------

Quantitative real time PCR (QPCR) was performed using QuantiNova SYBR Green Kit (Qiagen) and the fluorescence intensity was measured by StepOne Plus (Applied Biosystem) according to manufacturers' protocols. Briefly, a reaction master mix was prepared by mixing 10 μL 2× QuantiNova SYBR Green PCR Master Mix, 2 μL of QN ROX reference dye, forward and reverse primer at final concentration of 0.7 μM each, and 50 ng of cDNA per one reaction. The cycling condition was i) PCR initial heat activation \@95 °C for 2 min, ii) 40 cycles of denaturation \@95 °C for 5 s and combined annealing/extension \@60 °C for 10 s, iii) Melting curve analysis. The final Ct value was normalised to housekeeping gene and fold changes were analysed using comparative Ct value to a suitable control. Primers were listed in [Table 2](#tbl2){ref-type="table"}.Table 2Primer list used in this study.Table 2Gene/Accession NumberPrimer Sequence (5′-3′)GATA4\
[NM_008092.3](ncbi-n:NM_008092.3){#intref0010}Forward: TCTCTGCATGTCCCATACCA\
Reverse: TGTGTGTGAAGGGGTGAAAANkx2.5\
[NM_008700.2](ncbi-n:NM_008700.2){#intref0015}Forward: GCTACAAGTGCAAGCGACAG\
Reverse: GGGTAGGCGTTGTAGCCATAαMHC\
[NM_010856.4](ncbi-n:NM_010856.4){#intref0020}Forward: AAGGTGAAGGCCTACAAGCG\
Reverse: GGTCTGCTGGAGAGGTTATTCCβMHC\
[NM_080728.2](ncbi-n:NM_080728.2){#intref0025}Forward: GCCAACACCAACCTGTCCAAGTTC\
Reverse: TGCAAAGGCTCCAGGTCTGAGGGCcTnI\
[NM_000353.4](ncbi-n:NM_000353.4){#intref0030}Forward: TCTGCCAACTACCGAGCCTAT\
Reverse: CTCTTCTGCCTCTCGTTCCATGAPDH\
[NM_008084.2](ncbi-n:NM_008084.2){#intref0035}Forward: ACCCAGAAGACTGTGGATGG\
Reverse: CACATTGGGGGTAGGAACAC

2.10. Data analysis {#sec2.10}
-------------------

All data were expressed as mean ± standard error of mean (SEM). All statistical analyses were performed using SPSS (IBM SPSS Statistics 22). The differences between groups were analysed using independent *t*-test and One-way ANOVA with Tukey post-hoc test and is considered significant when p \< 0.05.

3. Results {#sec3}
==========

3.1. Isolation and characterisation of cardiac c-kit cells {#sec3.1}
----------------------------------------------------------

Cardiac c-kit cells isolated from magnetic-associated cell sorting were characterised by immunocytochemistry staining. Cardiac c-kit cells were positive for c-kit, expressed cardiac transcription factors (*GATA4, NKX2.5)* and *SOX2* ([Fig. 1](#fig1){ref-type="fig"}a). Tryptase negative suggested no contamination from mast cells, which is also c-kit positive. Dexamethasone-directed cardiac cell differentiation for 21 days showed expression of cardiac troponin I (cTnI), smooth muscle actinin (SMA) and endothelial marker (vWF) ([Fig. 1](#fig1){ref-type="fig"}b).Fig. 1**Isolation and characterisation of cardiac c-kit cells.** (A) Immunocytochemistry staining of cardiac c-kit cells. CCs expressed c-kit, cardiac transcription factors (GATA4, NKX2.5), pluripotent marker (SOX2) but negative for mast cell marker (Tryptase). (B) Dexamethasone-directed cardiac differentiation of CCs for 21 days showed positive expression of cardiac markers (cTnI), smooth muscle actinin (SMA) and endothelial marker (vWF). Nuclei were stained with DAPI (Blue). Scale bar = 100 μm.Fig. 1

3.2. Decellularisation of MSC-derived matrices {#sec3.2}
----------------------------------------------

MSCs were cultured in medium containing ascorbic acid on day 6 until day 14 until it reached full cell confluency and morphology on day 14 prior to decellularisation ([Fig. 2](#fig2){ref-type="fig"}a). As SDS has been widely used to decellularise organ in tissue engineering study [@bib19], we first decellularised confluent MSCs ([Fig. 2](#fig2){ref-type="fig"}b) in 2D culture on day 14 with SDS/Triton X-100 (ST). Complete cell removal was observed, but with no ECM retaining on the surface on the well. To circumvent this, we substituted SDS with ammonia, which is a milder detergent as compared to SDS for decelluarisation. To circumvent this, we substituted SDS with ammonia, which is a milder detergent as compared to SDS for decelluarisation. Although matrix delamination was still observed following AT treatment, 30 ± 1% of the wells with ECM on the surface was observed as compared to ST (p \< 0.001) ([Fig. 2](#fig2){ref-type="fig"}c). Overall, these results indicated that AT is a better detergent as compared to ST in decellularising cell-derived matrices.

3.3. MSC-matrix retention after cell decellularisation in 2-dimensional culture {#sec3.3}
-------------------------------------------------------------------------------

Dexamethasone-based medium have been proposed to be able to direct cardiac cell differentiation towards cardiac lineages [@bib3]. Therefore, as culture medium may affect ECM secretion we cultured MSCs in dexamethasone-based cardiogenic medium instead of ascorbic-acid supplemented medium to induce deposition of matrices that mimicking cardiomyocyte microenvironment. Interestingly, we observed 92 ± 5% of wells retaining matrices on the surface following decellularisation using AT, as shown in [Fig. 2](#fig2){ref-type="fig"}e(p \< 0.001 *vs*. ascorbic acid). Protein quantification confirmed the presence of higher protein level in cardiogenic- ECM (ECM^Cardio^) than ascorbic acid-treated ECM (ECM^AA^) (10.4 ± 0.8 μg/ml *vs*. 1.9 ± 0.2 μg/ml, p \< 0.01) ([Fig. 2](#fig2){ref-type="fig"}f). The difference between ECM^AA^ and ECM^Cardio^ was that ECM^Cardio^ preserved the ultrastructure of MSCs and retained higher ECM protein on the surface as demonstrated in [Fig. 2](#fig2){ref-type="fig"}d. Taken together, these results suggest that ECM retention was dependant on decellularisation technique and induction medium for ECM deposition.Fig. 2**Extracellular matrix generation.** (A) Schematic diagram illustrated the process of ECM generation. (B) MSCs cultured on day 14 were decellularised using SDS/Triton X-100 (ST) or ammonia/Triton X-100 (AT). (C) The number of well-retaining ECM following treatments with ST or AT. (D) Representative images observed under phase contrast microscopy following decellularisation and recellularization of ascorbic acid- and cardiogenic-treated MSCs. (E) The number of well-retaining ECM following treatment with AT. (F) Protein quantification of ECM^AA^ and ECM^Cardio^. \*p \< 0.05 *vs*. ST, \#p \< 0.05 *vs*. ECM^AA^.Fig. 2

3.4. The effects of MSC-derived ECM on CC proliferation and resistance to oxidative stress {#sec3.4}
------------------------------------------------------------------------------------------

To elucidate if ECM^AA^ or ECM^Cardio^ improved CC proliferation, we seeded the cells on the ECM and cultured for 3 days. We found that the cells culturing on ECM did not showed any improvement in CC proliferation as compared to CCs cultured without ECM ([Fig. 3](#fig3){ref-type="fig"}a) (77,552 ± 802 on ECM^Cardio^ *vs*. 86,312 ± 3201 cells on ECM^AA^, p \> 0.05). Highest cell viability was found on CC cultured on ECM^Cardio^ following exposure to 100 μM hydrogen peroxide (H~2~O~2~) for 24 h in serum free condition (67.2 ± 0.7%), p \< 0.05 *vs*. control), followed by ECM^AA^ ([Fig. 3](#fig3){ref-type="fig"}b) (47.1 ± 0.9%, p \< 0.05 *vs*. control) and control (42.9 ± 0.5%). These results suggest that ECM confers CC resistance towards exogenous oxidative stress.Fig. 3**The effect of decellularised MSC-ECM on CC proliferation and resistance to oxidative stress.** (A) The cell number of CC cultured on surface with or without ECM for 3 days were assessed using Presto Blue ®. (B) Viability of CCs post-H~2~O~2~ treatment. \*p \< 0.05 *vs*. No ECM; \#p \< 0.05 *vs*. ECM^AA^Fig. 3

3.5. The effects of MSC-derived ECMs on CC cardiomyocyte differentiation {#sec3.5}
------------------------------------------------------------------------

Next, cardiac differentiation of CCs was tested after cultured on both ECMs after differentiated using dexamethasone-based medium for 21 days. Immunocytochemistry showed that the differentiated cells were positive for cardiac troponin I, smooth muscle and endothelial cells for all the groups with or without ECM ([Fig. 4](#fig4){ref-type="fig"}a). Gene expression analysis showed up-regulation in αMHC (1.2-fold, p \< 0.05 *vs*. control) and cTnI (1.8-fold, p \< 0.05 *vs*. control) genes in CCs after cultured on ECM^cardio^ ([Fig. 4](#fig4){ref-type="fig"}b). CCs cultured on ECM^AA^ also exhibited up-regulation of *cTnI* (1.6-fold, p \< 0.05 *vs*. control) gene expression. No significant differences were observed for *αMHC*, *GATA4* and *NKX2.5* gene expressions among groups.Fig. 4**The effect of decellularised MSC-ECM on CC cardiac differentiation.** (A) Immunofluorescence staining of differentiated CCs on ECM (cTnI: cardiac troponin I); SMA: smooth muscle actinin; vWF: von Willibrand factor. (B) Cardiac gene expressions were assessed by qPCR. \*p \< 0.05 *vs*. No ECM.Fig. 4

4. Discussions {#sec4}
==============

Cardiac cell therapy has been proven to be a promising strategy for treating patients with myocardial infarction [@bib4], [@bib33]. However, cellular therapy is often limited by low cell number, poor cell engraftment and cell differentiation post transplantation [@bib6], [@bib14]. Following myocardial infarction, infarcted region was replaced by scar tissue, which also involves changes in extracellular matrices [@bib34]. These deleterious events could limit cell engraftment and viability post-transplantation. Decellularised extracellular matrix (ECM) obtained by removal of cellular components, has recently emerged as a cell culture technology for maintaining primary cell phenotype during expansion. Decellularised ECM can be obtained from *in vivo* tissue ECM or ECM fabricated by cells cultured *in vitro*. The ECM is composed of many types of collagens, proteoglycans, glycoproteins, and glycosaminoglycans that form a complex structure [@bib35]. The protein components of the ECM vary for different tissues and organs [@bib36] and the composition of the ECM is determined by developmental and pathological conditions [@bib34], [@bib37].

In this study, MSCs were cultured on plastic surface in normal growth medium for 6 days, and changed the medium to normal growth medium supplemented with ascorbic acid to increase the ECM deposition from cells [@bib38], [@bib39]. Sodium dodecyl sulphate (SDS) is an ionic detergent which has been widely used in decellularising organs ECM to solubilise both nuclear and cytoplasmic cellular membranes [@bib19]. In this study SDS was combined with Triton X-100 (ST), a non-ionic surfactant which offers only mild decellularization effects on tissue structure [@bib40]. However with ST, matrices were delaminated from the well surface, attributed to SDS which potentially compromised the ECM content and mechanical strength [@bib41], and thus not suitable for decellularization on 2D cell monolayer. Ammonium hydroxide is another mild detergent which have been reported to efficiently decellularising cell-derived ECM [@bib22], [@bib42], [@bib43], [@bib44]. Decellularization by substituting ST with AT yielded 30% of wells with matrix retention on plastic surface. However, the matrix ultrastructure following AT treatment was distorted despite having intact protein matrices on the surface, of which also prone to delamination after washing. Strategy to minimize delamination following 2-D culture decellularisation includes coating with ethanolamine- [@bib23], [@bib45], or fibronectin [@bib42], [@bib46] to chemically rigidify the prepared matrices. However, coating with another ECM may alter the composition of secreted ECM, MSC and CC functions, and thus affects the interpretation of the results in this study. Nonetheless, we resolved it by culturing the MSCs in the cardiogenic medium containing dexamethasone, ascorbic acid, and β-glyceralphosphate for 14 days, with high rates of matrix retention on the wells was observed. This result suggests that choice of culture medium and decellularisation technique affect the quality of produced ECM.

Previous research determined that the ECM influences stem cell differentiation and the maintenance of stemness [@bib47], [@bib48]. Decellularized matrices from MSCs cultured in osteogenic- or adipogenic-stimulating medium have shown to improves its osteogenesis and adipogenesis [@bib49], suggesting that the stimulation also induces secretion of specific ECM that facilitates specific differentiation process. Although MSC-ECM has been shown to improve proliferation and differentiation of cultured adult MSCs [@bib44], proliferation was not seen in CCs cultured on cardiogenic ECM in this study. This propose that the secreted matrices were more likely to be pro-differentiation than pro-proliferation.

Oxidative stress has been observed in the heart following myocardial infarction (10--12). Although cells exhibit antioxidant system that could minimise the effect of ROS, the deregulation of the antioxidant-oxidant systems can result in decompensated cardioprotective effect (13, 14). H~2~O~2~ has been demonstrated to increase reactive oxygen species (ROS) in cells [@bib15], [@bib16]. The increased ROS level can damage cell membranes and cellular constituents, which then lead to cell death [@bib17], [@bib18]. Here, we observed MSC-ECM confers CC resistance to exogenous H~2~O~2~, showing higher cell viability compared to control, a similar observation with a previous study [@bib23]. Future study will examine if the observed effect is due to the capability of MSC-ECM in modulating H~2~O~2~ degradation in and redox signalling in CCs, as seen in endothelial cells (15), the role of PI3K/Akt signalling (16) or the influence in caspase 8 and 9 activities that dictate the apoptosis and necrosis of CCs (17).

Recently, the identity and cardiac commitment of endogenous cardiac c-kit cells has been questioned and hugely debated, which begins with a study by van Berlo et al.(2014) who challenged the cardiac commitment of c-kit cells through tracked the development of c-kit cells in the growing heart using Kit-Cre lineage tracing in mice [@bib50]. They found that only 0.03% of the endogenous c-kit cells become cardiomyocytes, and number may reduce to 0.008% if cell fusion event is considered [@bib50]. Majority of the c-kit was found to be CD31 + endothelial cells. The same conclusion was also drawn from two independent studies [@bib51], [@bib52]. However, a study argued that myogenic cardiac c-kit cells express low yet detectable c-kit mRNA and protein, the low level of Cre expression in the c-kit cells from Kit^Cre^ knock-in mice could affect the efficiency of loxP recombination, and thus question the capability of the system in identifying the myogenic c-kit population [@bib53]. These myogenic c-kit cells are single-cells derived clones from the cohort of lineage negative CD45 negative population, which constitute only 1--2% of the total c-kit myocardial cells, with only 10% of them can robustly form contracting cardiomyocytes after stimulated with TGF-β/Wnt molecules [@bib54]. Nonetheless, autologous human cardiac c-kit cell therapy showed improvement in heart performance in patients with ischemic cardiomyopathy [@bib55], suggesting the capability of cardiac c-kit cells in regenerating diseased heart, albeit via a mechanism that remains to be unravelled.

In conclusions, the retention of MSC-secreted ECM in 2D culture may be affected by culture medium and decellularisation solution, and AT is a better decellularising agent than ST in this instance. ECM^Cardio^ protects CCs from exogenous oxidative stress and further upregulated the cardiac gene expressions, offering an alternate *in vitro* priming strategy to precondition CCs which could potentially enhance its survival and function after *in vivo* transplantation.
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[^1]: Abbreviations; ICC = Immunocytochemistry; FC = Flow cytometry.
